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According to the spin-torque model, current-driven magnetic dynamics in ferromagnetic multi- 
layers is determined by the transfer of electron spin perpendicular to the layers' magnetizations. By 
separating the largest contributions to the magnetic dynamics, we demonstrate that the dominant 
effect of spin-torque is rather due to the electron spin parallel to the field. We show that this effect 
can be equivalently described as stimulated current-driven excitation of spin-waves, and discuss four 
specifically quantum-mechanical aspects of spin-transfer, not described by the spin-torque. 
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Current-induced magnetization dynamics has recently 
received significant attention due to the potential ap- 
plications in the magnetic memory devices, generation 
of microwaves, and field sensors. Studies of this effect 
have also offered new insights into the fundamental prop- 
erties of exchange interaction between the conduction 
electrons and the magnetization in ferromagnets. Ac- 
cording to the generally accepted spin-transfer torque 
model (STT), current-induced magnetic excitation and 
magnetization switching are caused by the absorption of 
the spin current transverse to the magnetization. Spin 
conservation arguments are then used to determine the 
current-driven magnetic dynamics, which is usually de- 
scribed by the Landau-Lifshitz equation with an addi- 
tional current-dependent STT termi£. 

Predictions of STT have been qualitatively, and in 
some cases quantitatively supported by experiments^. 
However, a clear connection with the fundamental for- 
malism of spin-wave (magnon) interactions with elec- 
trons has not yet been established. Moreover, STT is 
sometimes described as a new interaction mechanism^, 
and the relative roles of STT-induced precession vs. in- 
coherent spin-wave generation by electron-magnon scat- 
tering are being debatedSi^. Many experimental and 
theoretical studies are successfully interpreted with the 
simplest uniform (macrospin) current-driven precession 
of the magnetizationiMi&. On the other hand, there is 
indirect experimental evidenc o 9 i 10 , partly supported by 
micromagnetic simulationsii, for the large role of inho- 
mogeneous current-driven magnetic excitations. Those 
behaviors are most naturally described in momentum and 
energy representation of spin waves, rather than coordi- 
nate space. However, the applications of the STT model 
are presently essentially limited to the Landau-Lifshitz 
equation. 

The goal of this publication is to establish the connec- 
tion between STT and the physics of electron-magnon 
scattering, giving a broader perspective and understand- 
ing of the current-driven phenomena. Our results let one 
avoid the complex calculations of transverse spin currents 
presently involved in STT analysis; we show that only the 
transfer of spin parallel to the field is usually important, 
greatly simplifying the analysis of STT. We also discuss 
specifically quantum-mechanical aspects of spin-transfer, 



not described by STT approximation. 

Spin-Transfer Torque. In the spin-torque model, all 
the electrons flowing towards a ferromagnetic layer F con- 
tribute equally to the spin-transfer, regardless whether 
they are reflected or transmitted by F, i.e. they may or 
may not contribute to the charge currenti^. For the uni- 
form (macrospin) magnetic dynamics, it is sufficient to 
simply keep track of the number and spin orientations of 
electrons scattered by the ferromagnet. In a macrospin 
approximation, we can reduce STT to a model involv- 
ing the scattering of two spins, a large S representing the 
magnetic moments of F, and a spin |s| = 1/2 representing 
a conduction electron, omitting the spatial coordinates of 
botbi. 

The interaction between a conduction electron and the 
ferromagnet is approximately described by the Stoner ex- 
change potential E ex = —JsS/S, which gives a rapid 
precession of s around S. Here J = 0.1 — 1 eV for the 
transition metal ferromagnets, S = |S|. If J/h is compa- 
rable to the inverse of the time an electron spends in the 
ferromagnet, the particular value of J is unimportant: 
the role of the exchange interaction is to randomize the 
spin precession phases of the scattered electrons, due to 
the strong dependence of those phases on the electron 
wave vector. Since the precession phase gives the di- 
rection of electron spin component perpendicular to the 
magnetization, all of the initial electron spin transverse 
to the magnetization is, on average, absorbed by iljii^. 
For electrons flowing towards the ferromagnet at a rate 
I n = dn/dt, spin-conservation then gives a current-driven 
STT term in the Landau-Lifshitz equation for the mag- 
netic dynamics^ 
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— = 7 Sx (U eff -a- xH e// +rsx -). (1) 

Here, we for simplicity assume that the anisotropy of F is 
an ellipsoid of rotation, described by the anisotropy field 
H a along the applied field H, and H e ff = H + H a . a 
is the Gilbert damping parameter, 7 is the gyromagnetic 
ratio, r = I n /(~{S). Analysis of Eq. showed that the 
current-driven STT term may suppresses Gilbert damp- 
ing, inducing dynamical instability^. The crucial new 
step in our analysis is to separate the dominant terms 
from the small corrections in Eq.^ close to this instabil- 
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ity, leading to dependencies quite different from the naive 
picture of STT. 

Typically, a ~ 0.01. The dynamical instability leading 
to switching occurs when the last two terms in Eq. ^are 
similar^, and two orders of magnitude smaller than the 
first term. If they are neglected, Eq. 2] gives a periodic 
precession with time t of S around H e //: $ — &o, <P = 
— cos^Hef ft). We now evaluate the corrections due to 
damping and STT. For simplicity, we separately consider 
the cases s || H e // and s _L H e //. 

In the first case, we define S = (S x ,S y ,S z ) = 
(S sin 9 cos <fi, S sin 9 sin </>, 5 cos 9), s — (0, 0, s z ) for z-axis 
set along H e //. Eq. ^then gives 



Eq.|2]shows that the dynamical instability is driven by 
the electron spin component along H e //. Moreover, by 
integrating the STT term in Eq. ^ over the precession 
trajectory given by Eq.|2 we obtain for the spin-transfer 
along the x-axis 



AS x (t) 



tSs z 



H e f f cos 29 cos 4> + 2 sin 29 sin <fi(aH e ff + s z t) 



(5) 



It is a limited oscillating function of time. In contrast, 
the z-component of spin-transfer 



d(f)/dt = jH ef f, dO/dt = -j(aH ef f + s z r)sin9. (2) AS 2 (t) = jrSs z {t + sin 29/[2 1 {aH eff + s z t)}}/2 (6) 



The first equation describes precession of S around H e / / , 
the second describes the evolution of the precession am- 
plitude. Eq. shows that STT enhances or suppresses 
the damping, depending on the sign of s z . 

For s _L H e //, the effect of STT is quite different. In 
this case, we replace H' = H e // + rAs x H e ///|H e //| 
in Eq. ^ The parameter A < 1 is determined below. 
Keeping only terms of up to the first order in a, r/iJ e //, 
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Eq. describes precession of S around an effective field 
H' with a modified STT term. 

Similarly to the case of s || H e //, we define S = 
(S sin 9 cos <f>, S sin 9 sin </>, S cos 9) in the frame set by H', 
and s = (s x ,0, 0) to the first order in r/i? e // in Eq- EH 
By setting A = cos#o> where 6 it) = 9a + 9±(t) for small 
i, we eliminate S z from the last term in Eq. |2| giving 

d<j)/dt = 7(ff' + rsin6'sin0); dO/dt = -jail' sin 9. (4) 

Eqs.0]show that s _L H e // only distorts the magnetiza- 
tion precession trajectory, but does not contribute to the 
precession damping. To the first order in a, r/iJ e //, the 
dynamics described by Eqs. [5J 0] depends linearly on s. 
Thus, for an arbitrary orientation of s, these equations 
give the contributions to the magnetic dynamics from the 
spin components parallel and perpendicular to the field 
electron, respectively. 

Eqs. |2 El are the central result of our analysis of STT. 
We showed that STT can be separated into two contri- 
butions: i) enhancement or suppression of magnetiza- 
tion precession damping, determined by the conduction 
electron spin component along the field, and ii) tilting 
of the precession axis, determined by the electron spin 
component perpendicular to the field. Eq. 0] also pre- 
dicts a weak unharmonic distortion of precession. Since 
r/H e ff w 0.01 near the stability threshold, H' generally 
deviates from H e // by less than 1°. Thus, the difference 
between the electron spin components referenced either 
to H e // or to H' is small. 



is approximately linear with time. Thus, not only the s z 
component of electron spin dominates the magnetic dy- 
namics, but also only the z-component of spin-transfer 
is significant, when integrated over the precession trajec- 
tory. These results are consistent with the energy conser- 
vation arguments of Ref. 7: spin-transfer perpendicular 
to the field does not affect the Zeeman energy of the fer- 
romagnet, and thus cannot contribute to the precession 
damping, as does spin-transfer along the field. 

Our analysis resolves the controversy regarding the rel- 
ative importance of spin-currents perpendicular to the 
magnetizationi^iiSii^iSi or parallel to iljLiii^: the onset 
of instability is determined by the component of spin- 
current, parallel to the equilibrium magnetization orien- 
tation. However, the instability can be equivalently ex- 
plained by the spin-current perpendicular to the instan- 
taneous orientation of the precessing magnetization. 

Eqs. [3 El have important consequences both for mod- 
eling the current-driven magnetic dynamics and the 
fundamental understanding of spin-transfer. Relatively 
straightforward two spin-channel models of magneto- 
transport have been extensively developed and used in 
the studies of the giant magnetoresistancei^. In contrast, 
the nature of STT generally requires that spin-currents 
and spin-accumulation both parallel and perpendicular 
to the magnetizations of the ferromagnets are consid- 
ered, making the analysis significantly more complicated. 
Eq. [3 demonstrates that one does not need to calculate 
the transverse spin-currents to determine the onset of 
current-driven instability and switching. It is sufficient 
to find the difference between the spin-up and spin-down 
electron fluxes towards the ferromagnet, as defined in the 
frame set by the H e //. To illustrate this result, we give a 
simple analysis of the current-switching experiments with 
noncollinear magnetizations in trilayers F1/N/F2, where 
Fi is a fixed (e.g. thick and extended) magnetic layer, N 
is a nonmagnetic spacer, and F2 is a nanopatterned ferro- 
magnet being switched by the currentpiS*^. Eq^predicts 
that STT increases with the static angle 9 between mag- 
netizations Mi and M2 of Fi and F2, giving the orienta- 
tions of s and S in our model. However, I s oc 1/ cos 9 was 
experimentally established for the magnetization switch- 
ing current I s , i.e I s increases with 9. This dependence 
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directly follows from Eq. [5] since s z = (cos0)/2, the 
dynamical instability/switching occurs when STT com- 
pensates the damping, giving I s oc l/cos#. 

Electron- Magnon Scattering. To establish the connec- 
tion between STT and electron-magnon scattering, we in- 
troduce the number of magnons n = 5(1 — cos 6*) w S9 2 /2 
for small 9. Eq. 0then gives 

dn/dt w -2n(orfH e ff + s z I„/S) (7) 

The second term in Eq. describes emission/absorption 
of magnons by the conduction electrons, at a rate pro- 
portional to the magnon density n/S. Except for the 
lack of the specifically quantum-mechanical spontaneous 
emission term, it is identical to the Einstein formula 
for electron-magnon scattering 7 . Thus, the component 
of STT driving the dynamical instability does not rep- 
resent a new form of interaction between the conduc- 
tion electrons and the magnetization. Instead, STT pro- 
vides a convenient way for calculating the scattering rate 
between the conduction electrons and magnons in the 
limit of strong exchange coupling. Does one of these 
formalisms offer insights the other one does not? On 
the one hand, the current-driven effective field (Eq. |3J) 
is a specific property of STT model. On the other, 
the quantum-mechanical description of electron-magnon 
scattering must be more general, i.e. apply to cases when 
the classical STT fails. We discuss several such possibili- 
ties below. But first, we address a mostly formal distinc- 
tion in the description of inhomogeneous states. 

Inhomogeneous excitations. Electron-magnon scatter- 
ing is naturally formulated in the momentum and en- 
ergy space, while the STT is formulated in the real space 
for the magnetization coordinates, and does not a'priori 
include the energy conservation. In the original works 
on STT, the energy of the uniform precession was as- 
sumed smalUi or neglected altogether 1 , while the ener- 
gies of inhomogeneous excitations (spin-waves) were as- 
sumed prohibitively large, so that their generation by the 
current was not energetically allowed. These assump- 
tions are not valid in typical experiments with nanopil- 
lars. Consider for example a typical nanopatterned Co 
layer with d w 100 nm lateral dimensions. The exchange 
contribution to the spin-wave energy with wavelength 
A = 200 nm is E ex (X) = 2TrAgfi B /(M\ 2 ) w 1 M eV. 
Here A — 10~ n J/m is the exchange stiffness, M = 
1440 emu/cm 3 is the magnetization, hb is the Bohr con- 
stant, g is the gyromagnetic ratio. For -ff e // « 1 kOe, the 
dipolar energy of the uniform precession mode is similar, 
Ed = g^,BH e ff — 10 /xeV. Since these energies are com- 
parable, and significantly smaller than the energies of the 
conduction electrons w 1 meV at the typical switching 
current densities ~ 10 7 A/cm 2 , current-driven excitation 
of many spin- wave modes is energetically allowed. 

Excitation of inhomogeneous magnetic states by the 
current can be described by a local STT approximation, 
i.e. Eq. extended to a micromagnetic Landau-Lifshitz 
equation 11 . Complicated current-driven micromagnetic 
dynamics is usually predicted. An obvious drawback of 



this formalism is the lack of generality and predictive 
power, e.g. contained in Eqs.ElElfor the macrospin. This 
model also does not capture the cut-off of the high-energy 
spin-wave generation (see quantum threshold below 

For a particular spin-wave mode with a long wave- 
length A, it is easy to see that Eq.0 holds independently 
of A: the spin-conservation arguments used to obtain the 
STT term in Eq. hold locally for the volume of fer- 
romagent smaller than A 3 . Only He// and a depend 
on A, due to the interactions with the rest of the fero- 
magnet. Eq. [3 then also holds locally^iS. The magnon 
density can be defined by the local variation of magneti- 
zation n/S = 1 — cos 0, where 9 is the angle of the local 
deviation from equilibrium. Thus, Eq. also describes 
the population dynamics of finite-wavelength spinwaves. 
Instead of the local version of Eq. Eq. can be re- 
placed with a set of equations for individual spin-wave 
modes i with populations , coupled through the nonlin- 
ear damping o;j(ni, ri2, ■■•)• This approach naturally pre- 
dicts highly nonuniform small amplitude current-driven 
dynamics, justifying the effective magnetic temperature 
approximation 7 . However, due to the complicated non- 
linear damping ai{n\, n^, ...), the real space micromag- 
netic models may be more attractive for the description 
of large- amplitude dynamics. 

We now consider the quantum-mechanical aspects of 
spin-transfer, beyond the classical approximation for the 
current-driven magnetic dynamics used in STT. 

Spontaneous magnon emission. A consistent quantum- 
mechanical derivation of electron-magnon scattering 
gives both stimulated (Eq. EJ and spontaneous current- 
driven magnon emissionX. Spontaneous emission cannot 
be captured within the classical description of the magne- 
tization in STT. However, at realistic experimental tem- 
peratures and applied fields, the thermal populations of 
a large number of spin- wave modes are large, n» 1. The 
spontaneous contribution is then negligible. 

The Stern- Gerlach experiment. Consider a spin- 
transfer experiment, in which electrons spin-polarized 
along the applied field (s z = ±1/2) are scattered by 
an excited ferromagnet characterized by the number of 
magnons n. After the scattering, the z-projections of the 
electron spins are measured, as in the Stern-Gerlach ex- 
periment 20 . In the quantum-mechanical language, such 
a measurement collapses the entangled state of the elec- 
trons and the magnetization. It is easy to see that the 
spin-transfer is As z — or —1, As x — As y = 0. This 
result is quite different from the STT arguments based 
on spin-conservation. The reason for such a difference is 
that the hamiltonian of the system conserves only the z- 
component of angular momentum, but does not conserve 
z- and y-components, resulting in a non-classical mag- 
netization state after the scattering. By calculating the 
scattering matrix elements, or by applying the correspon- 
dence principle to Eq. one obtains P(— 1/2) = n/S, 
P(l/2) = 1 - P(-l/2) for the probabilities for the final 
electron spin projections s z — —1/2 and 1/2, correspond- 
ingly. Thus, Eq.0for the current-driven dynamics holds 
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for a statistically large number of scattered electrons. 
However, scattering of individual electrons is not gov- 
erned by the spin-conservation arguments of STT. This 
experiment illustrates that a physical difference between 
the descriptions of spin-transfer in terms of electron spin- 
flipping or classical precession averaging (giving STT) 
appears when the quantum state of the electron after 
scattering is specified. 

Electron- magnon scattering on impurities. Because 
of the large mismatch between the wave vectors of the 
conduction electrons and magnons, momentum conserva- 
tion severely limits the phase space volume available for 
electron-magnon scattering in the bulk of ferromagnets. 
Non-conservation of momentum at the interfaces gives a 
large electron-magnon scattering amplitude. These ar- 
guments are an alternative form of the assumptions be- 
hind STT—. Electron scattering on long- wavelength spin 
waves in the bulk of ferromagnets has been described in 
the framework of STT—. However, a more general quan- 
tum mechanical approach may be necessary for impurity- 
mediated electron-magnon scattering^ 2 .. The amplitude 
of electron scattering on a small localized spin S cannot 
be described by STT, derived for S ^> 1; the quantum 
aspects of its dynamics become important 7 . 

Quantum threshold for excitations. Some models of 
spin-transfer have stressed the importance of the spin- 
wave excitation gap, setting the threshold electron en- 
ergy necessary to excite a magnonA£*i&. At typical cur- 
rent densities ss 10 A/cm 2 in spin-transfer experiments, 
the energies of electrons transversing a thin ferromagnetic 
layer are f» 1 meV at temperature T = 0. At realistic ex- 
perimental temperatures 10 — 300 K, the thermal electron 
energies are ss 1 — 30 meV. Since the magnon excitation 



gap is A ss 10 /xeV at H e ff = 1 kOe, we conclude that the 
quantum threshold is usually completely smeared out. 
However, at large H > 10 T, A > 1 meV may become 
important at T < 10 K. The low-energy electrons then 
cannot excite magnons because of the energy conserva- 
tion. The spin-conservation arguments of STT must still 
hold, implying that the precessing electron momentum is 
transmitted directly to the field, without exciting the fer- 
romagnet. A similar effect may be occur due to a large 
magneto-crystalline anisotropy<22>. In this case, angular 
momentum should be transferred directly to the lattice, 
similar to the Mossbauer effect. 

In summary, we have shown that the spin-transfer 
torque (STT) can be separated into two contributions: 

i) enhancement or suppression of damping, driven by 
the spin current component along the effective magnetic 
field, and ii) an effective field, driven by the spin com- 
ponent orthogonal to the field. We show that the for- 
mer can be alternatively described as stimulated electron- 
magnon scattering. We point out the formal differences 
between these two formalisms in the description of in- 
homogeneous magnetization states, and several cases in 
which electron-magnon scattering is not described by the 
STT approximation: i) Spontaneous magnon emission, 

ii) Stern-Gerlach experiment, iii) Scattering on impuri- 
ties, iv) Mossbauer-type spin rotation of electrons, with- 
out recoil on the magnetization when the applied field 
or magnetic anisotropy is large, related to the quantum 
threshold for excitations. Future experiments will show 
the relative importance of these effects in real systems. 
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